Abstract N-acylethanolamines (NAEs) are endogenous lipid ligands for several receptors including cannabinoid receptors and peroxisome proliferator-activated receptor-alpha (PPAR-a), which regulate numerous physiological functions. Fatty acid amide hydrolase (FAAH) is largely responsible for the degradation of NAEs. However, at high concentrations of ethanolamines and unesterified fatty acids, FAAH can also catalyze the reverse reaction, producing NAEs. Several brain insults such as ischemia and hypoxia increase brain unesterified fatty acids. Because FAAH can catalyze the synthesis of NAE, we aimed to test whether FAAH was necessary for CO 2 -induced hypercapnia/ischemia increases in NAE. To test this, we examined levels of NAEs, 1-and 2-arachidonoylglycerols as well as their corresponding fatty acid precursors in wild-type and mice lacking FAAH (FAAH-KO) with three Kill methods: (i) head-focused, high-energy microwave irradiation (microwave), (ii) 5 min CO 2 followed by microwave irradiation (CO 2 + microwave), and (iii) 5 min CO 2 only (CO 2 ). Both CO 2 -induced groups increased, to a similar extent, brain levels of unesterified oleic, arachidonic, and docosahexaenoic acid and 1-and 2-arachidonoylglycerols compared to the microwave group in both wild-type and FAAH-KO mice. Oleoylethanolamide (OEA), arachidonoylethanolamide (AEA), and docosahexaenoylethanolamide (DHEA) levels were about 8-, 7-, and 2.5-fold higher, respectively, in the FAAH-KO mice compared with the wild-type mice. Interestingly, the concentrations of OEA, AEA, and DHEA increased 2.5-to 4-fold in response to both CO 2 -induced groups in wild-type mice, but DHEA increased only in the CO 2 group in FAAH-KO mice. Our study demonstrates that FAAH is necessary for CO 2 -induced increases in OEA and AEA but not DHEA. Targeting brain FAAH could impair the production of NAEs in response to brain injuries. Keywords: 2-arachidonoylglycerol, CO 2 -induced hypercapnia/ischemia, fatty acid amide hydrolase, microwave fixation, n-acylethanolamines, unesterified fatty acids.
Fatty acid amide hydrolase (FAAH) is membrane-bound and localized predominantly in microsomal or mitochondrial fractions of the brain and liver (Schmid et al. 1985; Ueda et al. 1995 Ueda et al. , 2000 . FAAH is responsible for the termination of lipid signaling molecules from the family of n-acylethanolamines (NAEs) in the central nervous system and in peripheral tissues producing a corresponding fatty acid and ethanolamine (Devane et al. 1992; Porter and Felder 2001) . Also, FAAH can reversely synthesize NAEs at high concentrations of free fatty acids and ethanolamines (Ueda et al. 1995; Katayama et al. 1999) , although this does not occur under normal physiological conditions (Kurahashi et al. 1997; Ueda et al. 2000) . Moreover, while in vitro studies suggested that FAAH can also hydrolyze 2-arachidonoylglycerol (2-AG) into arachidonic acid (ARA) and glycerol (Goparaju et al. 1998) , in vivo studies have demonstrated that 2-AG is mainly hydrolyzed by a monoacylglyceride lipase and that 2-AG is not a substrate for FAAH (Sugiura et al. 1995; Osei-Hyiaman et al. 2005; Pacher et al. 2006) .
Unesterified fatty acids, NAEs, and 2-AG rapidly accumulate during ischemia and postmortem in the brain (Bazan 1970; Bazan et al. 1993; Bazinet et al. 2005; Brose et al. 2016; Trepanier et al. 2017) . The rapid change in NAE and 2-AG during ischemia may be a protective mechanism, which prevents damage of nerve cell membranes and alters cationic responses in the brain in an attempt to maintain functionality (Bazinet et al. 2005; Brose et al. 2016) . While ischemia-induced increases in unesterified fatty acids appear to be mediated, at least in part, by activation of calciumdependent cytosolic phospholipase A 2 , the mechanism by which ischemia increases NAEs is not known. Furthermore, the speed at which NAE accumulates makes measurement of their true basal levels difficult. Head-focused, high-energy microwave irradiation rapidly stops enzyme activities and is generally accepted as the gold standard for measuring basal lipid levels in the brain (Bazinet et al. 2005; Murphy 2010; Brose et al. 2016) .
Previously, ischemia was induced by decapitation into liquid nitrogen (Lunt and Rowe 1968; Bazan 1970; Cenedella et al. 1975; Hadjipanayi and Schilling 2013) . However, CO 2 is commonly used in the laboratory prior to decapitation and we continued with this model, recognizing that CO 2 initially induces hypercapnia followed by ischemia (Pollock et al. 2009; Trepanier et al. 2017) .
The aim of this study was to assess tissue levels of NAEs and their corresponding fatty acid precursors, as well as 1 and 2-AGs under either basal or CO 2 -induced hypercapnia followed by ischemia. In addition, we aimed to test the role of FAAH on the levels of NAEs, NAE corresponding fatty acid precursors, and 1 and 2-AGs between the FAAH-KO and wild-type mice. Because, at high concentrations of fatty acid precursors and ethanolamides, FAAH can synthesize NAE, we hypothesized that FAAH would be necessary for CO 2 -induced increases in brain NAE levels.
Methods
All procedures were performed in agreement with the policies set out by the Canadian Council on Animal Care and were approved by the Animal Ethics Committee at the University of Toronto, Ontario, Canada (Canadian Council on Animal Care 1993).
Diets
Dams throughout breeding and lactation, and offspring mice from weaning were fed a standard chow diet (Teklad 2018, Harlan, Indianapolis, IN, USA) . The diet by weight contained 6.2% fat (18% energy), 18.6% protein (24% energy), and 44.2% carbohydrate (58% energy). The detailed fatty acid composition of the diet has been previously published (Orr et al. 2013; Chen et al. 2015) .
Animals FAAH-KO mice were kindly donated by Dr Benjamin Cravatt (The Scripps Research Institute, CA, USA). C57BL/6 wild-type mice were obtained from Charles River Laboratories. Animals were acclimatized for 1 week in an animal facility, in which temperature (21°C), humidity, and light cycle (12 h at light/dark circle) were controlled, and had ad libitum access to food and water. One male and one female with the same genotype were paired for breeding. The pups were weaned at 21 days of age; then male pup littermates were housed up to four per cage with ear-tagged ID and color coded cage cards to indicate the genotypes. Therefore, the investigators were not blinded to the genotype of mice they were handling. All animals received the same chow diet and were arbitrarily assigned without specific tools to achieve randomization in the animal facility room until 12 weeks of age.
Fasting and refeeding can alter NAE and 2-AG levels in brain and peripheral tissues, in which refeeding generally increases OEA, but decreases 2-AG and arachidonoylethanolamide (or anandamide) (AEA) (Fu et al. 2007; Izzo et al. 2010; DiPatrizio et al. 2015a,b) . Thus, we removed food 12 h prior to kill to limit variations in acute food intake on NAEs and AGs. Because Habayeb et al. (2004) demonstrated that menstrual cycle can alter a woman's plasma AEA levels, we excluded female mice in this study to avoid the interference of mouse estrous cycle, but future studies should consider this.
The sample size (n = 8) was based on previous studies (Bazinet et al. 2005; Brose et al. 2016) but because the exact experimental procedures had never been performed, we did not do a formal power calculation.
Kill methods
At 12 weeks of age, littermate male mice housed in the same cage were arbitrarily selected and killed by either head-focused, highenergy microwave irradiation (microwave; 1 kW, 0.88-0.99 s; Cober Electronics Inc., Stratford, CT, USA), CO 2 + microwave (5 min CO 2 then microwave fixation), or complete CO 2 (CO 2 5 min only) methods. Mice were arbitrarily allocated to one of the three kill methods. Removal of the whole brain took about 5 min/animal Fig. 1 Study design: after weaning (21 days of age), both Fatty acid amide hydrolase (FAAH)-KO and wild-type mice consumed standard chow diet for 9 weeks. At 12 weeks of age, after 12 h fasting, mice were killed using one of these methods: (i) Microwave only; (ii) CO 2 + microwave : 5 min CO 2 + microwave irradiation; (iii) CO 2 only: 5 min CO 2 only; subsequently the whole brain collection took~5 min/animal, then was stored at À80°C; FAAH-KO: Fatty acid amide hydrolaseknockout mice; Wild-type: C57BL/6 mice and upon removal was immediately stored at À80°C (Fig. 1) until further analysis. While we refer to the CO 2 groups, it is important to note that hypoxia and hypercapnia are both active processes in the brain with these methods. Whole brain lipid extraction and gas chromatography-mass spectrometry Total lipid extracts were obtained from frozen powdered whole brain samples according to the method of Folch (Folch et al. 1957 ). Brain samples were labeled based on their ear-tag ID, so the operator was blinded to the kill methods, but aware of the genotypes when processing samples. Briefly, lipids were extracted with chloroform: methanol: potassium chloride (2 : 1 : 0.88 by volume). A known amount of ARA-deuterated-8 (D 8 ) was added as an internal standard for fatty acid extraction (Cambridge Isotope Laboratories, Inc, Tewksbury, MA, USA). The mixtures were vortexed, centrifuged at 490 g for 10 min, and the lower, chloroform lipid-containing layer was pipetted into a new test tube and stored at À80°C.
Total lipid extracts were then loaded on a thin-layer-chromatography (TLC) plate, which was washed with chloroform: methanol (2 : 1 by volume) and activated by heating at 100°C for 1 h. The plate was placed in a tank with solvents (heptane: diethyl ether: acetic acid; 60 : 40 : 2 by volume). After drying the plate at 21°C, the individual bands were visualized under ultraviolet light, after lightly spraying with 8-anilino-1-naphthalene sulfonic acid in methanol (0.1% by volume) (Wang and Gustafson 1992; Song et al. 2010; Hopperton et al. 2014) . Bands containing free fatty acids were scraped into test tubes and extracted as previously described (Metherel et al. 2017) . The dried total lipid extracts were then dissolved in 100 lL of (1 : 10 : 1000, by volume) pentafluorobenzyl bromide: diisopropylamine: acetonitrile and heated at 60°C for 15 min to form the fatty acid pentafluorobenzyl (PFB) esters as previously described (Pawlosky et al. 1992; Metherel et al. 2017) . Upon removal from heat, the reagent mixture was evaporated under nitrogen, dissolved in 100 lL of hexane, and stored in GC vials until analysis by GC-MS.
Fatty acid PFB esters were analyzed on a Agilent 5977A quadrupole mass spectrometer coupled to an Agilent 7890B gas chromatograph (Agilent Technologies, Mississauga, ON, USA) in negative chemical ionization mode, as described previously (Pawlosky et al. 1992; Metherel et al. 2017) . The fatty acid PFB esters were injected via an Agilent 7693 auto-sampler into a DB-FFAP 30 m 9 0.25 mm i.d. 9 25 lm film thickness capillary column (J&W Scientific from Agilent Technologies, Mississauga, ON, USA) interfaced directly into the ion source with helium as the carrier gas. Initial oven temperature was 80°C, immediately followed by a 20°C/ min ramp to 185°C and a 10°C/min ramp to 240°C and a 35-min hold at the end. The injector and transfer line was set at 250°C and 280°C, respectively, while the ion source and quadrupole were both set at 150°C. Methane (99.999%) was used as the ionization gas. Fatty acids were analyzed in selected ion monitoring (SIM) mode using M-1 for parent ion identification with ion dwell times of 500 ls. The ion mass parent ions for each fatty acid are: oleic acid (OLA) (281. Powdered whole brain samples were prepared for NAEs, 1-AG and 2-AG analysis according to our previously published method (Lin et al. 2012 ) with modifications. As aforementioned, the operator was blinded to kill methods but was aware of the genotypes during sample preparation. Briefly, samples were mixed with a cocktail of internal standards. The mixture was prepared with icecold acetone (2 mL); homogenized and centrifuged at 490 g for 10 min at 4°C. The supernatant was transferred into a clean tube and dried under N 2 gas. Chloroform: methanol: deionized water (2 : 1 : 1 by volume) was then added into the dried samples, which were vortexed and centrifuged at 490 g for 10 min at 4°C. The chloroform layer was transferred into another clean tube, dried under N 2 gas, and dissolved in 100 lL of acetonitrile. Finally, samples were transferred into vials for LC-MS/MS analysis.
Identification and separation using high-performance liquid chromatography mass spectrometry MS/MS was performed with a SCIEX QTrap5500 mass spectrometer (SCIEX: Framingham, MA, USA) with an Agilent 1290 HPLC system (Agilent Technologies: Santa Clara, CA, USA). Chromatography was done on a Phenomenex Kinetex XB-C18 column, 50 9 4.6 mm, 2.6 lm (Phenomenex, Torrance, CA, USA) at a flow rate of 600 lL/min. The mobile phase consisted of 30% A (water + 0.1% formic acid) starting and ramping up to 75% B (acetonitrile + 0.1% formic acid) for a total analysis time of 6.5 min. Peak integration and data analysis were performed using Analyst software version 1.6 (Sciex, Framingham, MA, USA) (Fig. 2) .
The chromatography was optimized to identify the target compounds and their isomers. We found a shoulder peak of OEA in our mouse brain samples (Fig. 2a-right) , which did not occur in the standard samples (Fig. 2a-left ). This shoulder peak had an identical mass and fragmentation patterns as those of OEA in our standard (Fig. 2a-left) , and has been identified as cis-vaccenic acid ethanolamide (also called 'vaccenoylethanolamide', VEA) as previously reported by Rohrig et al. (2016) . Also, we were able to identify and separate AEA and its isomer (O-AEA) (Fig. 2b-left) , which allowed us to quantify AEA levels in brain. Moreover, 1-AG and 2-AG were separated and quantified using 1-AG-D 5 , because the 2-AG-deuterated commercial standard sample was only 90% pure (with 10% 1-AG inside). Detailed chromatographic separation for each target NAE and their isomers (O-AEA), 1-AG and 2-AG is presented in Fig. 2 .
Statistics
All statistical analyses were performed with Graphpad Prism 6. Differences in fatty acid concentrations and the levels of 1-AG and 2-AG were assessed by two-way ANOVA. Then, the significant interactions were further analyzed by one-way ANOVA with Tukey's multiple comparisons post hoc test.
Previous studies showed that the levels of AEA in the FAAH-KO mice are dramatically higher compared with wild-type littermates (Cravatt et al. 2001) . Thus, we conducted a D'Agostino & Pearson omnibus normality test, GraphPad Prism 6 on NAE and none of the NAEs were normally distributed (p < 0.0001) ( Figure S1 ). Thus, we used one-way ANOVA with Tukey's multiple comparisons post hoc test to compare the effects of kill methods on the FAAH-KO mice or the wild-type mice separately for NAEs. All of our results are expressed as means AE SEM. Statistical significance was set as p < 0.05 for all analyses.
Results
Whole brain total lipids are not altered by CO 2 -induced hypercapnia/ischemia or FAAH-KO There was no interaction effect between genotype and kill method on the levels of total OLA, ARA, and DHA. Also, CO 2 -induced hypercapnia/ischemia did not increase the levels of total OLA, ARA, and DHA compared to the control. Furthermore, the FAAH-KO mice had similar concentrations of total OLA, ARA, and DHA compared to the wild-type mice (Fig. 3) .
Unesterified lipids are elevated upon CO 2 -induced hypercapnia/ischemia There was no interaction effect between genotype and kill method on unesterified OLA, ARA, or DHEA concentrations (Fig. 4) . The interaction effect between genotype and kill method on unesterified DHA was p = 0.054, and a main effect was found in the kill methods (Fig. 4c) . Both CO 2 + microwave and CO 2 groups dose-dependently increased (p < 0.0001) unesterified OLA, ARA, and DHA compared to the control. The level of unesterified ARA in the CO 2 + microwave and CO 2 groups was about 20-and 34-fold higher, respectively, compared to the microwave group (Fig. 4b) . There was no effect of genotype on unesterified OLA (Fig. 4a) or ARA (Fig. 4b ) levels. Interestingly, FAAH-KO mice in the CO 2 group had higher (p = 0.0025) unesterified DHA compared with the wild-type mice in the CO 2 group (Fig. 4c) .
OEA, AEA, and DHEA are elevated in the FAAH-KO mice FAAH-KO mice have eightfold higher OEA, sevenfold higher AEA, and 2.5-fold higher DHEA compared to the wild-type mice (Fig. 5) OEA, AEA, and DHEA are elevated with CO 2 -induced hypercapnia/ischemia in wild-type, but only DHEA is elevated in FAAH-KO mice In the wild-type mice, both CO 2 + microwave and CO 2 groups increased the levels of OEA, AEA, and DHEA compared with the microwave group (p < 0.0001). Levels of OEA and DHEA (66.4 AE 4.1 pmol/g, 54.9 AE 4.9 pmol/g, respectively) in the microwave group were increased threefold with CO 2 -induced groups (Fig. 5a and c) . Also, CO 2 -induced hypercapnia/ischemia resulted in a fourfold higher AEA concentration compared to the microwave group (Fig. 5b) . Although the levels of OEA, AEA, and DHEA were significantly higher in the FAAH-KO mice compare to the wild-type mice, CO 2 did not affect the levels of OEA, AEA in the FAAH-KO (Fig. 5a and b) . Levels of DHEA in the CO 2 only group were higher (p = 0.0153) than the microwave group in the FAAH-KO, but not the CO 2 + microwave group (Fig. 5c ).
1-AG and 2-AG are elevated upon CO2-induced hypercapnia/ischemia There was no difference in the concentrations of 1-AG and 2-AG between FAAH-KO and wild-type mice. A main effect of the kill method is shown for 1-AG and 2-AG (Fig. 6 ). Both CO 2 + microwave and CO 2 groups dose-dependently increased (p < 0.0001) 1-AG and 2-AG levels compared to the microwave group (Fig. 6 ).
Discussion
In this study, we used FAAH-KO mice, which lack the ability to break down NAEs into fatty acids and ethanolamines (Cravatt et al. 2001) to study its role under brain hypercapnia/ischemia. For the wild-type mice, our results were in line with previous studies (Bazinet et al. 2005; Brose et al. 2016; Trepanier et al. 2017) such that CO 2 induced increases in AEA and 2-AG. For the first time, our study also demonstrated that CO 2 increased OEA, DHEA, and 1-AG compared to non-ischemic controls. Thus, our results are consistent with several reports suggesting microwave irradiation is an important tool for measuring basal levels of unesterified fatty acids, AEA, and 2-AG (Bazinet et al. 2005; Brose et al. 2016; Trepanier et al. 2017 ). However, we identified an abundant OEA isomer, VEA, in the mouse brain, which matches other OEA parameters. It is unlikely that VEA is an artifact of OEA in brain samples. VEA was recently detected in human and rodent plasma by Rohrig et al. (2016) , who suggested that VEA may be derived from the gut microbiota. However, the source or function of VEA in the brain is not clear and further research is warranted. Fig. 4 Whole brain unesterified fatty acid concentrations (nmol/g, wet weight) of wild-type and fatty acid amide hydrolase (FAAH)-KO mice. Statistical analysis was performed by two-way ANOVA (kill method 9 Genotype). There was no interaction effect between kill method and genotype on unesterified (a) oleic acid; (b) arachidonic acid and (c) docosahexaenoic acid. The main effect of kill method between groups was found in a step-wise pattern: microwave < CO 2 + microwave < CO 2 . No genotype effect on unesterified (a) oleic acid and (b) arachidonic acid. However, there was a significant genotype effect on unesterified (c) docosahexaenoic acid, in which FAAH-KO mice killed in the CO 2 group had higher unesterified docosahexaenoic acid than other groups. FAAH-KO: fatty acid amide hydrolase-knockout mice; Wild-type: C57BL/6 mice Significantly different means within a genotype are represented by different alpha letters determined by one-way ANOVA and followed by Tukey's post hoc test. FAAH-KO: fatty acid amide hydrolase-knockout mice; Wild-type: C57BL/6 mice. ANOVA (kill method 9 Genotype). There was no interaction effect between kill method and genotype or genotype effects. The main effect of the type of kill methods was found in a step-wise pattern: microwave < CO 2 + microwave < CO 2 . FAAH-KO: fatty acid amide hydrolase-knockout mice; Wild-type: C57BL/6 mice.
Under normal physiological conditions, fatty acids esterified to the sn-1 position of phospholipids and free fatty acids can be precursors for NAE synthesis (Okamoto et al. 2007; Artmann et al. 2008; K€ ofalvi 2008) . However, it is thought that the phospholipid esterified pool is the major precursor for NAE production (Balvers et al. 2013) . During CO 2 -induced hypercapnia/ischemia unesterified fatty acids increase rapidly and may allow for FAAH to catalyze the reverse reaction and synthesize NAEs (Katayama et al. 1999; Patel et al. 2005; Ueda et al. 2010) . In wild-type mice, we observed an increase in OEA, AEA, and DHEA upon CO 2 -induced hypercapnia/ischemia. However, despite similar increases in precursor fatty acids upon CO 2 -induced hypercapnia/ischemia in FAAH-KO mice, there was no increase in corresponding OEA and AEA levels. This effect was also selective as levels of 1-and 2-AG increased upon CO 2 -induced hypercapnia in both FAAH-KO and wild-type mice. While it is possible that FAAH is catalyzing the production of OEA and AEA through the process from hypercapnia to ischemia, alternative explanations cannot be ruled out. Firstly, because basal NAE levels are higher in FAAH-KO mice, there may be a ceiling effect and thus, no further increases in OEA and AEA are possible. The finding that DHEA was increased in the CO 2 group versus the microwave group was not expected. However, there was a main effect of FAAH-KO on unesterified DHA levels and the interaction effect approached statistical significance (p = 0.0545), so it is possible that increases in unesterified DHA in FAAH-KO, in part, drove the increase in DHEA in the FAAH-KO group upon CO 2 -induced hypercapnia/ ischemia. Furthermore, we cannot rule out that FAAH-KO were protected against aspects of the CO 2 -induced hypercapnia/ischemia, but this seems unlikely as responses to unesterified fatty acids and AGs were generally similar between wild-type and FAAH-KO mice. As mentioned above, one exception was unesterified DHA, which was significantly higher in FAAH-KO mice as compared to wildtype mice. Unesterified DHA and bioactive lipid mediators derived from DHA are anti-inflammatory and protective against hypercapnia in the brain (Bazan et al. 2011; Orr et al. 2013 ). Also, it is possible that NAPE-PLD or other unknown enzymes capable of synthesizing NAEs or metabolizing NAEs including monoacylglyceride lipase (Nomura et al. 2011) are up-or down-regulated in FAAH-KO mice or are selectively active during CO 2 -induced hypercapnia or ischemia. Future research is warranted to test these possible interactions in FAAH-KO mice.
Nevertheless, FAAH is necessary for the increases in NAE levels upon hypercapnia/ischemia and this effect is selective as increases in the levels of unesterified fatty acids and AGs are generally not different in FAAH-KO mice compared to wild-type mice upon CO 2 . This finding might be important as FAAH inhibition is being explored as a novel therapeutic for the brain (Hansen et al. 2001; Patel et al. 2005; Mallet et al. 2016) . Our results suggest that inhibiting FAAH may decrease the brains ability to produce NAE in response to stress such as hypercapnia/ischemia. Further research is needed to test the clinical significance of this finding. In conclusion, we find that FAAH-KO mice have similar concentrations of unesterified fatty acids and 1-AG, 2-AG as wild-type (C57BL/6) mice. CO 2 -induced hypercapnia and postmortem delay results in dramatic accumulation of the compounds in the brain. FAAH was necessary for the CO 2 -induced increases in OEA and AEA levels in the brain but not DHEA. All experiments were conducted in compliance with the ARRIVE guidelines.
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